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BtuCD is a type II ABC importer that catalyzes the translocation of vitamin B12 from the periplasm
into the cytoplasm of Escherichia coli. Crystal structures of BtuCD and the related HiF (or Hi1470/71)
protein from Haemophilus inﬂuenzae have revealed distinct conformations of the transmembrane
domains that form inner and outer gates. We used electron spin resonance spectroscopy to study
the reaction cycle of BtuCD after labeling the protein at residues located at these gates. The results
suggest that BtuCD as a prototype type II ABC importer may have a mechanism that is distinct from
that of ABC exporters such as Sav1866 or type I ABC importers such as those speciﬁc for molybdate
(ModBC) or maltose (MalFGK).
Structured summary:
MINT-6803800: btuF (uniprotkb:P37028), btuC (uniprotkb:P06609) and btuD (uniprotkb:P06611)
physically interact (MI:0218) by molecular sieving (MI:0071)
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
ATP binding cassette (ABC) transporters are a large family of
membrane proteins that hydrolyze ATP to move substrates across
cellular membranes [1]. They contain two conserved nucleotide-
binding domains (NBDs or ABCs) and two transmembrane domains
(TMDs) that provide a translocation pathway for the substrate. ABC
transporters can be classiﬁed into exporters and two subtypes of
importers (type I and type II) based on their transmembrane archi-
tectures and topologies [2,3]. Whereas exporters are expressed in
all cells, ABC importers are only found in prokaryotes [4]. Well-
studied type I ABC importers include the transporters speciﬁc for
histidine (HisPQM) or maltose (MalFGK), and high resolution crys-
tal structures were determined of transporters speciﬁc for molyb-
date, maltose, and methionine [5–8]. Based on the comparison of
the structures of the Staphylococcus aureus multidrug transporter
Sav1866 [9] and the Archaeoglobus fulgidus molybdate/tungstate
transporter ModBC [5], we have previously proposed a basic cou-
pling mechanism of ABC transporters [10]. The reaction scheme
predicted that the transmembrane domains are inward-facing
when the transporter is in a nucleotide-free state, but outward-fac-
ing when ATP is bound. This was compatible with a vast amountchemical Societies. Published by E
er).biochemical data and with the structures of ABC exporters and
type I importers determined to date.
The structures of the type II ABC importer BtuCD from
Escherichia coli, however, were notably inconsistent with this
scheme. BtuCD, along with its periplasmic binding protein BtuF,
facilitates vitamin B12 uptake [11,12], and homologous systems
are responsible for iron acquisition, which has been found relevant
for the virulence of certain pathogenic bacteria [13,14]. The ﬁrst
crystal structure of BtuCD revealed an outward-facing conforma-
tion, despite the nucleotide-free state of the NBDs [15]. Subse-
quently, the crystal structure of the BtuCD-F complex revealed an
asymmetric and occluded TMD conformation, without B12 or
nucleotide bound to the NBDs [16]. Only the crystal structure of
the homologous HiF protein (HI1470/71) fromHaemophilus inﬂuen-
zae [17] appeared consistent with the basic two-state mechanism
outlined above, as it was inward-facing and nucleotide-free.
Given this discrepancy, we studied the mechano-chemistry of
BtuCD in more detail using electron spin resonance spectroscopy.
We had previously used this technique to conﬁrm that the crystal
structures of BtuCD and BtuCD-F reﬂected conformations that were
also present in the native environment of the protein, the lipid bi-
layer [16]. Here, by monitoring the local dynamics of an attached
spin label probe, we study the protein in all states of the transport
cycle with binding protein or nucleotides bound. We combine this
evidence with chemical cross-linking to establish a distinct trans-
port mechanism of this type II ABC importer.lsevier B.V. All rights reserved.
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2.1. Mutagenesis
BtuCD mutations were introduced by PCR using the overlap
extension protocol [18] and standard molecular biological tech-
niques. Cysteine mutations of Ser141, Ser143 and Thr168 were
generated using ‘‘cys-less” BtuC as a background as described ear-
lier [16]. The cys-less BtuCD is a mutant where all native cysteines
(except the non-accessible Cys279 in BtuC) were replaced by
serines.
2.2. Puriﬁcation, spin-labeling, and reconstitution of BtuCD and BtuF
Mutant BtuCD was expressed as described [16] and analyzed
regarding stability by size exclusion chromatography (Superdex-
200 10/30 column, GE Healthcare).
The protein was loaded onto a NiNTA superﬂow afﬁnity column
(Qiagen) previously equilibrated with equilibration buffer (50 mM
Tris–HCl pH 7.5, 25 mM imidazole–HCl pH 8.0, 500 mM NaCl,
5 mM b-mercaptoethanol, 0.1% (w/v) dodecyl-N,N-dimethylamine-
oxide (LDAO). The column was washed with equilibration buffer
followed by a wash step with pre-elution buffer (50 mM Tris–HCl
pH 7.5, 90 mM imidazole–HCl pH 8.0, 500 mM NaCl, 5 mM b-
mercaptoethanol, 0.1% (w/v) LDAO). The protein was eluted with
a buffer containing 160 mM imidazole–HCl pH 8.0 and no reducing
agents. Immediately, BtuCD was desalted over a HiPrep 26/10
desalting column into 10 mM Tris–HCl pH 7.5, 100 mM NaCl,
0.1% (w/v) LDAO. The number of accessible sulfhydryl groups
was conﬁrmed using a modiﬁed Ellman assay [19]. For spin-
labeling, the buffer was instead exchanged to 10 mM NaPi pH
6.5, 500 mM NaCl, 0.1% (w/v) LDAO. A 40-fold molar excess of spin
label MTSL ((1-oxyl-2,2,5,5,-tetramethyl-d-3-pyrroline-3-methyl)
methanethiosulfonate) (Toronto Research Chemicals) was added
in four batches every 5 min at room temperature. To prepare la-
beled BtuCD-F, B12-bound BtuF was added after labeling at a molar
ratio of 2:1 BtuF:BtuCD. Labeled samples were re-puriﬁed on a
NiNTA column to remove excess spin label, and the detergent
was exchanged to Triton X-100 on this column, otherwise using
buffers as described above for NiNTA. After elution, the protein
was concentrated to 10 mg/ml (BtuCD) or 3 mg/ml (BtuCD-F) and
reconstituted in proteoliposomes using BioBeads SM-2 as de-
scribed [20,21]. The liposomes contained E. coli polar lipid extract
and Egg L-a-phosphatidylcholine at a 3:1 ratio (w/w), and extru-
sion through a 400 nm ﬁlter was used to enhance the reconstitu-
tion rate. The lipid to protein molar ratios were optimized and
were 300:1 for BtuCD and 500:1 for BtuCD-F. The reconstitution
efﬁciency was estimated by SDS–PAGE to be approximately 80%.
Samples prepared with nucleotides contained either 2 mM ATP,
0.5 mM sodium orthovanadate, 10 mM MgCl2, or 2 mM AMPPNP
and 10 mM MgCl2. The KM for ATP was determined to be 0.3 mM
(data not shown).Fig. 1. Structures of Type II ABC importers and location of gates and mutations in
BtuCD. (A) Ribbon diagram of the BtuCD-F complex (pdb ID 2QI9), with the two
gates indicated. (B) The three conformations of the central TM helices lining the
translocation pathway, as observed in the crystal structures of BtuCD and the
homologous HiF protein. BtuCD-F is a hybrid conformation of the inward-facing HiF
and the outward-facing BtuCD. The BtuC side chains mutated to cysteines were
residues 141 and 143 at the cytoplasmic gate, and residue 168 at the periplasmic
gate. The Ca atoms of these residues are depicted as red spheres, with numbers
indicated.2.3. EPR measurements and data analysis
X-band continuous wave (CW) spectra were performed at room
temperature and as previously described [22]. Spectra were ob-
tained in a Bruker EMX spectrometer ﬁtted with a super-High Q
resonator under the following conditions: 2 mW incident power,
100 kHz modulation frequency and 1 G modulation.
2.4. ATPase assays
The ATP hydrolysis activities were assayed at room temperature
as described earlier [20]. Reactions contained 0.01 mg/ml BtuCD orBtuCD-F, 20 mM Tris–HCl pH 7.5, 500 mM NaCl, 0.1% LDAO (w/v),
10 mMMgCl2 and 2 mM ATP. Inorganic phosphate was determined
as described [23].
2.5. Chemical cross-linking
BtuCD was puriﬁed as described above and diluted to 0.4 mg/
ml. Disulﬁde bond formation was promoted by the addition of
CuCl2 at a molar ratio of 4:1 (CuCl2 to BtuCD). After 20 min incuba-
tion at room temperature the reaction was quenched with 1 mM
N-ethylmaleimide for 30 min at 4 C. Samples were resolved by
SDS–PAGE in the absence of reducing reagents. Aggregate forma-
tion of cross-linked protein was analyzed by size exclusion chro-
matography using a Superdex-200 10/30 column (GE Healthcare).
3. Results and discussion
BtuCD has two gates (Fig. 1A), an internal/cytoplasmic one
(around BtuC residue 143) and an external/periplasmic one
(around BtuC residue 169). The crystal structures of BtuCD and
HiF show how these gates can adopt open or closed conformations,
thereby producing inward-facing, outward-facing, or occluded
conformations of the translocation pathways (Fig. 1B). We had pre-
viously introduced cysteine side chains at strategically placed posi-
tions in BtuC [16], in the vicinity of the gates, where we obtained
good labeling efﬁciencies without inhibition of ATPase activity
(residue 141 at the cytoplasmic gate and residue 168 at the exter-
nal gate). Because of the stoichiometry, each mutation introduced
two cysteines in the assembled transporter. We modiﬁed these
engineered cysteines with nitroxide spin labels and recorded
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reconstitution of the transporter or complex in proteoliposomes,
which mimic the native environment of membrane proteins. CW-
EPR spectra reﬂect the local dynamics of spin labels, which is sig-
niﬁcantly inﬂuenced by the environment of the protein [24]. We
then added the non-hydrolyzable ATP analogue, AMPPNP to the
samples and again recorded spectra to investigate the ATP-bound
state of the protein. Finally, we trapped the transporter using
sodium o-vanadate in the presence of ATP and under hydrolyzing
conditions before recording another set of spectra. All spectra were
recorded at least twice from distinct protein preparations.
The results (Fig. 2A) reveal very substantial changes in the CW-
EPR spectra as BtuCD cycles through distinct intermediates of the
transport reaction. There are generally two pronounced low ﬁeld
components: a slow component indicating a restricted, immobile
spin label, and a fast component, indicating an unrestricted, mobile
label (Fig. 2B). To quantitate the changes of the labels of BtuCD in
distinct states, we determined the ratios of the slow and fast com-
ponents after ﬁtting the individual components by Gaussians as
described earlier [16]. The resulting ratios are summarized in
Table 1.
At the periplasmic side of the membrane, the spin labels at po-
sition 168 reveal substantial mobility in BtuCD, which is virtually
unaffected by the addition of AMPPNP or ATP/vanadate. UponFig. 2. (A) Continuous wave (CW) EPR spectra of BtuCD and of the BtuCD-F complex i
transport cycle. The spectra have been recorded from spin-labeled, reconstituted protei
bound AMPPNP, ATP–VO24 , or without nucleotide added (apo), respectively. (B) Low ﬁel
cytoplasmic gate (residue 141), where the most substantial changes in the conformatiodocking of BtuF (i.e. in the BtuCD-F complex), however, the dynam-
ics of the labels are restricted, as reﬂected in an increase of the
slow component. These spectra are consistent with the expected
mobilities of the amino acid side chains as inferred from the pub-
lished crystal structures of BtuCD and BtuCD-F [15,16]. Residue
168 is close to the interaction surface with BtuF, and the mobility
of the attached labels therefore becomes restricted upon complex
formation. The conclusion from comparing the various spectra is
that there is little or no inﬂuence of nucleotides on the conforma-
tion of the external gate.
At the cytoplasmic side of the membrane, a distinct pattern is
observed. In BtuCD, the labels at position 141 are highly immobile,
as expected from their location at the center of the transporter in
an outward-facing conformation. The dynamics of the labels in this
conformation is restricted by the positioning of residues 141 in
close proximity of the NBDs (BtuD subunits). Addition of nucleo-
tides or vandate trapping in the absence of BtuF appear to change
this conformation very little. Upon addition of BtuF and formation
of the complex BtuCD-F, the spectra revealed nearly equal contri-
butions of the slow and fast components, in agreement with the
asymmetry of the BtuC subunits in the BtuCD-F crystal structure.
In this conformation, the two labels face distinctly different envi-
ronments. In contrast to all other samples, the labels at the cyto-
plasmic gate in the BtuCD-F complex strongly react to then the presence or absence of nucleotides, mimicking distinct intermediates of the
n in proteoliposomes. The red, green, and black curves represent the samples with
d portions of the spectra of the most relevant transport intermediates labeled at the
n and mobility are observed.
Table 1
Quantitative analysis of the ratios of the slow (immobile) and fast (mobile)
components of the various CW EPR spectra. The ratio is calculated by ﬁtting the
individual components by Gaussians as described in Ref. [16] and dividing their areas.
Ratios slow/fast component in EPR spectra BtuCD BtuCD-F complex
Periplasmic gate Apo 1.12 1.66
ATP–VO24 1.08 2.23
AMPPNP 0.97 2.98
Cytoplasmic gate Apo 6.82 1.49
ATP–VO24 5.97 0.81
AMPPNP 5.13 0.18
Fig. 3. (A) Gel ﬁltration chromatography of BtuCD–BtuF complex after cross-linking
the cytoplasmic gate by disulﬁde bridge at position 143 (see gel). Peak 1 contains
the BtuCD-F complex with bound BtuF, whereas peak 2 contains excess BtuF. The
gel ﬁltration is used as a quality control and to demonstrate that even with the
cytoplasmic gate shut (=cross-linked), the transporter can still bind BtuF. (B) SDS–
PAGE demonstrating Cu-induced disulﬁde cross-linking of the BtuC subunits at the
cytoplasmic gate. Lane 1, molecular markers, lane 2 corresponds to peak 1 of the gel
ﬁltration shown in A. The yield of cross-linking is close to 100% and can be reversed
by the addition of DTT (lane 3).
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strongly mobile, with a slow:fast ratio of 0.18. The observed ratio
in the ATP–vanadate trapped species is signiﬁcantly higher
(0.81), but still lower than one.
These observations lead to the following conclusions: The con-
formation of the external gate of BtuCD reacts to the docking of
BtuF only, and is, at a ﬁrst approximation, insensitive to nucleo-
tides. The internal (cytoplasmic) gate is also largely insensitive to
nucleotide unless BtuF is docked. Once BtuF is docked and the
complex BtuCD-F is formed, however, the cytoplasmic gate
switches to a highly mobile conformation upon binding of AMP-
PNP. The spectra probing the dynamics of the cytoplasmic gate of
the most relevant transport intermediates are summarized in
Fig. 2B. Although EPR spectra do not measure transport events di-
rectly, we interpret the mobilities of the gates in terms of the avail-
able crystal structures. Hence, a highly mobile cytoplasmic gate, as
observed in the spectra of the AMPPNP-bound BtuCD-F complex,
may reﬂect a conformation similar to that observed in the HiF
transporter crystal structure, i.e. inward-facing. Thus, our data sug-
gest that in contrast to the above-mentioned two-state coupling
mechanism for ABC transporters, the BtuCD-F complex may adopt
an inward-facing conformation in the ATP-bound state, which, in a
productive transport cycle, would release B12 into the cytoplasm.
To test whether the cytoplasmic gate motion and ATP hydroly-
sis are indeed coupled, we mutated BtuC residue 143 to a cysteine
and used copper (Cu+1) to quantitatively form a covalent disulﬁde
bond between the BtuC subunits, effectively locking the cytoplas-
mic gate shut. The cross-linking rate is close to 100% (Fig. 3B),
which is in agreement with the crystal structure of BtuCD, where
Ser143 from each BtuC subunit are the closest residues in the cyto-
plasmic gate and thus favorable for disulﬁde formation. Remark-
ably, cross-linking of the two introduced cysteines at position
143, forming a BtuC–BtuC dimer, did not abolish the formation of
a BtuCD-F complex, which remained very stable even on a gel ﬁl-
tration column (Fig. 3A). However, the cross-linked sample was
unable to hydrolyze ATP and aggregated upon addition of ATP
(data not shown). Only when DTT was added to the reaction did
the hydrolysis rates return to normal. This intriguing ﬁnding sug-
gested that a delicately orchestrated reaction, requiring both ATP
and B12-bound BtuF, is required for productive B12 transport cycle,
and that opening of the cytoplasmic gate is coupled to the binding
of ATP to the NBDs in the complex BtuCD-F.
EPR and cross-linking had previously been used to describe the
molecular motion of various membrane proteins [24,25], including
ABC transporters. However, this is the ﬁrst time such studies were
performed with two crystal structures of the transporter in distinct
states, and a third of a related protein, available. We were therefore
able to interpret our results of BtuCD-F EPR in the context of high
resolution structures, which allowed us to formulate detailed mo-
tions of the two gates as the transporter moves through the reac-
tion cycle. Our results compel us to conclude that BtuCD may
couple ATP hydrolysis and gate motion distinctly from what we
had previously advocated as a conserved coupling mechanism ofABC transporters [10]. The coupling mechanism appears to be
more similar to what was suggested based on the ﬁrst structure
of BtuCD [15]. There is, at present, little reason to doubt that ABC
exporters and type I ABC importers couple according to the two-
state scheme [10], and much biochemical evidence is in fact in
favor of this hypothesis [7,26–28]. However, given the data
presented here, there is also little doubt that BtuCD must have a
distinct coupling mechanism. The question now is whether the
coupling mechanism of BtuCD is representative of other type II
ABC importers. Future studies will be needed to clarify this point.References
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